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over a large area of the USA from
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 Declining NOx and SO2 emissions
provide less H2SO4 and HNO3 for
neutralization of NH3 in the
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Data from bi-weekly passive samplers from 18 of the longest operating National Atmospheric Deposition
Program’s (NADP) Ammonia Monitoring Network (AMoN) sites (most operating from 2008 to 2015)
show that concentrations of NH3 have been increasing (p-value < 0.0001) over large regions of the USA.
This trend is occurring at a seasonal and annual level of aggregation. Using random coefﬁcient models
(RCM), the mean slope for the 18 sites combined shows an increase of NH3 concentration of þ7% per year,
with a 95% conﬁdence interval (C.I.) from þ5% to þ9% per year. Travel blank corrected data using the
same approach show increasing NH3 concentrations of þ9% (95% C.I. þ5% to þ13%) per year. During a
comparable period (2008e2014) NADP precipitation chemistry sites in the same regions show signiﬁcant
increasing (p-value ¼ 0.0001) precipitation NH4þ concentrations trends for all sites combined of þ5% (95%
C.I. þ3% to þ7%) per year.
Emissions inventory data for the study period show nearly constant rates of NH3 emissions, but large
reductions in NOx and SO2 emissions. Seasonal air quality data from the Clean Air Status and Trends
Network (CASTNET) sites in these regions show signiﬁcant declines in atmospheric particulate SO4
2 and
NH4þ, and particulate NO3 plus HNO3 (total NO3) during the same period. Less formation of acidic SO4
and NO3, due to reduced SO2 and NOx emissions, provide less substrate to interact with NH3 and form
particulate ammonium species. Thus, concentrations of NH3 can increase in the atmosphere even ifersity, Ithaca, NY 14853, USA.
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. National Emission Inventory (NEI, 2015) SO2 (repo
reported as N) emissions from 2001 to 2014. NOx is assuemissions remain constant. A likely result may be more localized deposition of NH3, as opposed to the
more long-range transport and deposition of ammonium nitrate (NH4NO3) and sulfate (NH4)2SO4).
Additionally, the spatial distribution of wet and dry acidic deposition will be impacted.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Anthropogenic nitrogen oxides (nitrogen oxide (NO) þ nitrogen
dioxide (NO2) ¼ NOx) emissions have been in decline in the USA
since ~2001, but this has not been the case for ammonia (NH3) (EPA,
2015a; NEI, 2015). National data from the EPA National Emissions
Inventory (NEI) show that NOx and NH3 emissions, expressed as
million metric tons (or taragrams) of N, are now approximately the
same magnitude (Fig. 1). Programs such as the NOx Budget Trading
Program, implemented in 2003, and the Clean Air Interstate Rule,
implemented in 2009, have led to a 66% reduction, between 2000
and 2013, in stationary (i.e. electric generating units and industrial
boilers) NOx emissions (EPA, 2015b). USA national NH3 emissions,
have shown a minor increase until 2008, and since then emissions
have remained relatively constant, according to the NEI inventory
(NEI, 2015).
It is estimated that over 80% of NH3 emissions are from
anthropogenic sources (Behera et al., 2013). In the USA over 80% of
these NH3 emissions are from agriculture (EPRI, 2015), with 54%
derived from livestock production and 30% from volatilization of
nitrogen based fertilizer (Xing et al., 2013). However, because NH3
is not considered a criteria pollutant and therefore is not regulated
at the federal level, these data can have a higher degree of uncer-
tainty (Reis et al., 2009; EPRI, 2015) than more regulated emissions
such as NOx and SO2. The NH3 emissions data are somewhat
limited and rely on states reporting emission data for non-
stationary sources (i.e. agricultural practices), as well as data from
local and tribal air resource agencies (NEI, 2015). Comprehensive
NH3 emission inventories are done only every three years (e.g. 2008
and 2011, with 2014 not completed), andmany smaller NH3 sources
are not required to be reported. Other localized impacts include
changes in fertilizer type, means of application and rotation of
crops (Paulot et al., 2014). Short term localized weather patterns
may also impact fertilizer and manure volatilization and NH3
emission rates, but such changes are likely unreported. All of these
factors can add to the uncertainty in NH3 emission rates.tric tons)
rted as S), NOx and NH3 (both
med to be in the form of NO2.State-level data for the years 2008 and 2011 are available (Fig. 2).
Based on this limited data set it appears that changes in state NH3
emissions are also small in the states where “long-term” National
Atmospheric Deposition Program (NADP)/Ammonia Monitoring
Network (AMoN) NH3 monitoring sites used in this study are
located. Another state level emissions data set (EPRI, 2015) from the
Electric Power Research Institute (EPRI) substantiates the NEI
emission estimates, and is included in Fig. 2. Additionally, Xing et al.
(2013) separately quantify emissions in the USA for the period 1990
to 2010. Their inventory shows a lower estimate of NH3 emissions
than the NEI, but after 2002 the lack of a trend is consistent with
the NEI lack of trend.
Ammonia is the most abundant alkaline gas in the atmosphere
and can directly deposit to the ecosystem, or neutralize acidic
components and form particulate matter which can degrade visi-
bility. (Behera et al., 2013). In addition ammonia and ammonium
species impact nitrogen sensitive landscapes. At the Acid Rain
Conference 2015 meeting in Rochester, NY (Acid Rain, 2015) a
number of speakers concluded that both in North America and
Europe, NH3 emissions need to be reduced, when reducing total
nitrogen deposition to sensitive ecosystems is a concern. The
development of a national NH3 monitoring network, that began in
the fall of 2007, allows the determination of whether any regional
and/or temporal changes in the ground-level NH3 concentrations
have occurred, and if the lack of change in NH3 emissions is re-
ﬂected in seasonal and annual AMoN concentrations. An eight year
record is by many standards not very “long-term” (Lindenmayer
and Likens, 2010), but the NADP/AMoN represents the longest
operating NH3 network in the USA, with consistent well docu-
mented protocols and analysis procedures (NADP, 2014a; 2014b).
We present our ﬁndings based on the 18 sites with the longest
operation in the network.0
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Fig. 2. Selected state-level NH3 emissions for 2008 and 2011. There are two sources of
emissions data, the NEI (ﬁrst 2 bars) and a separate accounting done by EPRI (last
2 bars for each state) (EPRI, 2015). Regions are: MT ¼ mountain, MW ¼ midwest,
NE ¼ northeast, OT ¼ Oklahoma e Texas, SE ¼ southeast.
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2.1. NH3 monitoring
In late 2007 the NADP (NADP, 2015a) began an NH3 bi-weekly
sampling network, AMoN (NADP, 2015b), using Radiello passive
samplers (Radiello, 2015). These samplers at ambient temperatures
and pressures, have been compared to URG annular denuder sys-
tems (URG Corp. Chapel Hill, NC, USA) in other studies (Puchalski
et al., 2011, 2015). The annular denuder systems were operated
following EPA Compendium Method IO-4.2 (EPA, 1999). Results of
the ﬁrst study show a negative bias with the bi-weekly Radiellos
compared to 1 week denuder concentrations (aggregated to bi-
weekly), but a good linear ﬁt with a linear regression slope of
1.39 ± 0.11, and R2 of 0.81. Thus, even though there may be a bias in
the data (assuming the annular denuder NH3 concentration values
aremore accurate), the consistency of the bias is important in terms
of the impact on trends. The latter study also compared URG
denuders to Radiellos at 5 AMoN sites located in New York (NY67),
Pennsylvania (PA00), Oklahoma (OK99), Texas (TX43) and Colorado
(CO88), representing a range of concentrations of 0.35 (NY67) to
3.23 mg NH3/m3 (TX43). This study showed a much lower overall
bias. Four of the 5 sites showed amean negative bias of 0.11 mg NH3/
m3 or 10%, and CO88 had a positive bias of 0.19 mg NH3/m3 or 54%.
The mean concentration for all sites was 1.40 for the denuders and
1.35 mg NH3/m3 for the passive samplers. A regression of passive
sampler data from all sites regressed on the denuder concentration
values show a slope of 1.03 and an R2 of the linear regression of
0.95. Travel or ﬁeld blank corrected data show a slope of 1.00 (no R2
value given). From these two studies, we conclude that the Radiello
passive samplers offer a valid measurement method for estimating
NH3 concentrations, though a negative bias may exist in some
cases. The bias should have little impact on trend analysis, as long
as the bias remains consistent.
The present AMoN network consists of 94 active sites and
annual values for 2014 are presented in Fig. 3. Here we examine the
trend in NH3 concentrations for the 18 “long-term” sites shown in
Fig. 4. Most of these sites began operation in the fall of 2007. Data
were aggregated to seasonal levels (winter ¼ Dec-Jan-Feb,
spring ¼ Mar-Apr-May, summer ¼ June-July-Aug, fall ¼ Sept-Oct-
Nov). Sites were assigned to regions (Fig. 4 and Table 1) to assess
potential variations between regions. The regions are:
MT ¼ mountain (west), MW ¼ midwest, NE ¼ northeast,
OT¼Oklahomae Texas, SE¼ southeast. These regions were chosen
to see if trends in NH3 concentrations show different patterns in
different broad areas of the USA.
The regions chosen were based on spatially different
geographical regions, and the availability of sites. For example, we
chose Oklahoma and Texas as a region (O-T) becausewe had sites in
this area. No regions in the far western U.S. (e.g. California, Oregon
and Washington) were chosen because there were no long-term
sites in this area of the country. We show in Table 1 for each site
the % of seasons used, of the 32 potential seasons from 2008 to
2015, as well as the start dates for each site. Two sites, MN18 and
NC06, each had one outlier (fall 2011 and spring 2015, respectively)
with NH3 values greater than 5 times the seasonal average for that
site. These outliers were removed from the data set. Data were
unavailable at all sites for summer of 2008, due to contamination
issues. Overall, 90% of the 576 potential seasons (4 seasons  8
years  18 sites) are used in the analysis. The main reason for data
incompleteness is no site operation during part of the period of
record (2008e2015). For example, NC06 has 66% data complete-
ness mainly because site operation did not begin until 2010.
The analysis described belowwas performed on: 1) the seasonal
AMoN NH3 concentration data from 2008 to 2015, and 2) the sameAMoN seasonal data, but that is corrected by subtracting seasonal
travel blank values from the measured seasonal values. AMoN
initially included a travel blank with each bi-weekly sample at each
site, but switched to using travel blanks every 4th bi-weekly sam-
pling period at each site in 2013. Travel blanks are rotated among
the sites during each bi-weekly period. The blanks are left in the
sealed glass container with Teﬂon cap seals during the 2-week
deployment period and shipped back to the laboratory for anal-
ysis with the corresponding ﬁeld samplers. The NADP does not
blank correct the ambient NH3 data. However the travel blank data
are publically available (NADP, 2015b).
In our study, seasonal travel blanks are based on the mean value
of all travel blanks in the network during each season. The mean
seasonal travel blank concentration is 0.19 ± 0.06 (s.d.) mg NH3/m3
with a range of 0.09 mg/m3 (fall 2008) to 0.38 mg/m3 (winter 2014).
This range is consistent with travel blank values in Puchalski et al.
(2015), where the mean was 0.15 mg NH3/m3 and the range was
0.04e0.39 mg NH3/m3. There is no statistically signiﬁcant trend in a
regression of the travel blank concentrations over timewith a slope
of 0.0008 (or 0.0032 mg NH3/yr) and a p-value of 0.51. Travel blank
values for all seasons are presented in Fig. 5.
2.2. Analysis of NH3 trends and other species trends
To establish trends (or lack thereof) we used a random coefﬁ-
cient model (RCM) using the SAS mixed model procedure (Littell
et al., 2006), specifying a random slope and intercept for each
site. In a simple linear regression model the slope and intercept are
assumed to be ﬁxed parameters. The RCM is a more powerful sta-
tistical tool than simple linear regressions because of the RCM’s
ability to account for both within-site and between-site variability.
Thus trends from a group of sites in a region, or all 18 sites together,
can be aggregated and assessed with more accuracy. The RCM
approach for trend analysis also takes into account the amount of
data available for each site (Littell et al., 2006). For example, a site
with a 97% data completeness has more impact in terms of the
overall trends, than a site like NC06 which only has 66% data
completeness. More detailed statistical information on the use of
mixed models is available in Snijders and Bosker (1999) and
Raudenbush and Bryk (2002). The use of RCMs in atmospheric
trend analysis is also given in Chan (2009) and Butler et al. (2011).
For this analysis we used region, year, and season as ﬁxed (non-
random) effects in the model, and the natural log of NH3 concen-
tration was used as the dependent variable. Interaction terms be-
tween ﬁxed effects were tested and included in the model when
signiﬁcant (p-value < 0.05).
Our ﬁrst choice would have been to use the seasonal concen-
trations of NH3, rather than log-transforming these data. However
statistical analysis using simple linear regression and random co-
efﬁcient models, requires normal distribution of the residuals with
constant variance. These conditions are notmet unless the seasonal
NH3 concentrations are converted to the natural log (nl) of con-
centrations. A linear positive trend in the natural log of concen-
trations will result in a greater rate of increase in concentration
over time when the natural log values are converted back to the
original units (mg NH3/m3).
To better understand the context of any NH3 trends, we also
applied the RCM approach to other atmospheric species impacted
by ambient NH3, or alternatively species which can impact NH3
concentrations. These species, also expressed as seasonal mean
concentrations and converted to natural log of concentrations
include: wet ammonium (NH4þ) in precipitation, particulate or dry
NH4þ, total NO3 (particulate NO3 þ HNO3) (AMEC, 2014), and par-
ticulate sulfate (SO42). The concentration data were log-
transformed for the same reasons stated above for NH3
Fig. 3. 2014 average NH3 concentrations (mg NH3/m3) (NADP, 2015c).
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tional Trends Network (NTN) or NADP’s Atmospheric Integrated
Research Monitoring Network (AIRMoN) sites, collocated or nearby
the AMoN sites (Fig. 4). Seasonal particulate NH4þ, SO42 and total
NO3 concentrations were measured using 3-stage ﬁlter packs by
CASTNET (2015), collocated or nearby the AMoN sites. Weekly data
(NTN and CASTNET) and daily data (AIRMoN) were aggregated to
the previously described seasonal and annual periods for RCM
trend analysis. Data quality protocols for both NADP and CASTNET
can be found at AMEC (2014).
3. Results and discussion
3.1. NH3
We show in Fig. 6a the individual regression lines for the
observed log-transformed annual NH3 concentrations, from 2008
to 2015, at the 18 sites used in this study. All sites show a positive,
though not necessarily a statistically signiﬁcant (p-value < 0.05)
linear trend.
Aggregating the sites into the regions, shown in Fig. 4 and listed
in Table 1, the observed regional regressions are illustrated in
Fig. 6b. Annual ambient NH3 concentrations for all regions are
increasing. The RCM models for both the reported ambient con-
centration data, and the data that was travel blank corrected, both
showed a signiﬁcant (p < 0.05) interaction between season and
region. Thus regional differences are complicated by seasonaldifferences and vice versa. However, there were no signiﬁcant in-
teractions between region and year nor between season and year.
This is important because we are mainly concerned with the trends
(e.g. regression slopes) over time. The slopes, or trends over time,
are not signiﬁcantly different (p < 0.05) between the regions nor
the seasons, even though the intercepts and mean NH3 concen-
trations may differ between regions and seasons.
The overall trend, or change in NH3 concentration over time, for
all regions was highly signiﬁcant (p < 0.0001) over the 8 year
period, 2008 to 2015. The trend for all sites combined represents a
change in NH3 concentration of þ7% (95% conﬁdence interval (C.I.)
equals þ5% to þ9%) per year. The same analysis based on travel
blank corrected NH3 concentrations showed an overall change in
NH3 concentration over time of þ9% (95% C.I. equals þ5% to þ13%)
per year. These results from the RCMs clearly illustrate that NH3
concentrations are increasing in all regions, and these regions
represent a large area of the USA (Fig. 4).
We summarize in Fig. 7 the modeled regional regressions for
both the log-transformed NH3 concentrations and the travel blank
corrected NH3 concentrations (Note that the previous Fig. 6 shows
individual and regional regressions based on observed or measured
data.). Based on the model results, even at the seasonal level of
aggregation, the slopes are not statistically different (p > 0.05)
within each data set.
We show in Table 2 an example of the seasonal modeled mean
NH3 concentrations and the associated 95% conﬁdence intervals, in
this case for the Midwest (MW) region (6 sites), for 2008 and 2015.
Fig. 4. “Long-term” AMoN sites and regions used in this study, plus collocated or nearby NADP NTN/AIRMoN precipitation chemistry (for wet NH4þ) sites, and Clean Air Status and
Trends (CASTNET) (for particulate NH4þ, SO42 and total NO3) sites.
Table 1
Long-term site seasonal data record.
Site Region Data completeness % Start date month/year
NY16 Northeast (NE) 78 10/09
NY67 Northeast (NE) 97 10/07
PA00 Northeast (NE) 78 10/09
MD08 Northeast (NE) 69 8/10
Il11 Midwest (MW) 97 10/07
IN99 Midwest (MW) 97 10/07
MI96 Midwest (MW) 97 10/07
MN18 Midwest (MW) 94a 10/07
OH02 Midwest (MW) 97 10/07
OH27 Midwest (MW) 97 10/07
NC06 Southeast (SE) 66b 4/10
NC30 Southeast (SE) 69 6/08
SC05 Southeast (SE) 97 10/07
CO13 Mountain West (MT) 97 10/07
NM98 Mountain West (MT) 97 10/07
NM99 Mountain West (MT) 97 10/07
OK99 Oklahoma-Texas (O-T) 97 10/07
TX43 Oklahoma-Texas (O-T) 97 10/07
Data completeness is based on number of seasons out of 32 seasons of potential data
availability. No site includes summer of 2008 because of data quality issues.
a Includes removal of one outlier (fall 2011).
b Includes the removal of one outlier (spring 2015).
y = 0.0008x + 0.1789
R² = 0.0152
p-value = 0.51
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Fig. 5. Seasonal travel blank NH3 concentrations from 2008 to 2015. Trend in con-
centration over time is not signiﬁcant (p < 0.05).
T. Butler et al. / Atmospheric Environment 146 (2016) 132e140136Seasonal behavior of NH3 concentrations for the MW region for
all years are shown in Fig. 8. Note that in both Table 2 and Fig. 8 thedata are presented as NH3 concentrations (mg NH3/m3), rather than
the natural log of NH3 concentrations. Fig. 8 shows a rate of increase
in concentration over time, or a logarithmic increase (upward bend
in the concentration line) over time when a linear regression of
natural log values is converted to the original units of concentra-
tion, in this case mg NH3/m3. Summer highs and winter lows are
expected in temperate regions where temperature can have a large
impact on NH3 volatility (Pryor et al., 2001; Robarge et al., 2002).
For theMidwest, spring and fall concentrations are not signiﬁcantly
different (e.g. p > 0.05) from each other. The pattern of
summer > spring > fall > winter NH3 concentrations occurs in the
other regions, except for MT, where fall > spring, but the difference
Fig. 6. Regressions of the natural log of observed annual (2008e2015) NH3 concen-
trations (mg NH3/m3) for: a) the 18 individual AMON sites, and b) for the aggregated 5
study regions. See Fig. 4 and Table 1 for region and site locations. MT ¼ mountain
(west), MW ¼ midwest, NE ¼ northeast, OT ¼ Oklahoma e Texas, SE ¼ southeast. The
grey points are the annual concentrations for all sites used in the analyses.
Fig. 7. Seasonal regressions of log-transformed NH3 concentrations (mg NH3/m3) for all reg
displayed, for each region and season). The upper (blue) regression lines are for the ambi
corrected NH3 concentration data. MT ¼ mountain (west), MW ¼midwest, NE ¼ northeast,
in this ﬁgure legend, the reader is referred to the web version of this article.)
T. Butler et al. / Atmospheric Environment 146 (2016) 132e140 137in this case is not signiﬁcant.
3.2. Precipitation NH4
þ
We applied the RCM approach to seasonal precipitation NH4þ
concentrations (log-transformed) from NADP/NTN or NADP/AIR-
MoN sites, either co-located with the NH3 sites or located nearby
(see Fig. 4). Region, year and season are again treated as ﬁxed (non-
random) effects, and the seasonal data are from 2008 to 2014. In-
dividual regressions of observed annual concentrations for indi-
vidual sites and regions are presented in Fig. 9a and b, respectively.
A pattern of increasing annual precipitation NH4þ concentrations at
most sites is clear, although not as pronounced as the trend with
NH3 concentrations.
All regions show a positive trend and the overall positive slope
(signiﬁcant at p¼ 0.0001) shows a precipitation NH4þ concentration
trend of þ5% (95% C.I. equals þ3% to þ7%) per year. As with NH3,
NH4þ concentrations in precipitation show no signiﬁcant differences
in the slopes (trends) between the regions, nor between the sea-
sons (p < 0.0514). However the overall slope differences are only
borderline not signiﬁcant. We further explored the difference in
slopes (trends) between the regions with multiple comparisons
(with a Bonferonni correction). The only comparison that showed a
signiﬁcant difference between the trends for each separate region
pair, was between MT and SE.
The intercepts can vary signiﬁcantly (p < 0.05) between regions,
and seasons. The increasing trend in precipitation NH4þ is consistent
with the pattern found for NH3 concentrations, and not surprising
since dissolved NH4þ in precipitation is likely derived from ambient
NH3 during precipitation events. During atmospheric transport,
NH3 gas partitions between the aqueous phase and the gas phase.
At equilibrium, the favored partitioning of NH3 is in the aqueous
phase (Seinfeld and Pandis, 2006), and at typical levels of ambient
pH (<7.0), dissolved NH4þ is the favored form (Oxtoby et al., 1990;
Lehmann, 2008).
We show in Table 3 the modeled seasonal concentrations of
precipitation NH4þ in theMWregion for 2008 and 2015, and include
the 95% conﬁdence intervals for each seasonal value. An example ofions 2008 to 2015 (On the x-axis all years, 2008 to 2015 are represented, but are not
ent NH3 concentration data and the lower (red) regression lines are the travel blank
OT ¼ Oklahoma e Texas, SE ¼ southeast. (For interpretation of the references to colour
Table 2
Seasonal modeled NH3 concentrations (as mg NH3/m3) with upper and lower 95% conﬁdence intervals for the Midwest region (6 sites) for 2008 and 2015.
Midwest NH3 2008 2015
Concentration mg NH3/m3 Lower 95% C.I. Upper 95% C.I. Concentration mg NH3/m3 Lower 95% C.I. Upper 95% C.I.
Winter 0.34 0.19 0.62 0.55 0.32 0.96
Spring 0.88 0.49 1.58 1.41 0.82 2.45
Summer 1.01 0.56 2.78 1.62 0.94 2.81
Fall 0.80 0.44 1.43 1.28 0.74 2.22
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Fig. 8. Seasonal NH3 concentrations (mg NH3/m3) from the RCMmodel for the midwest
(MW) region.
T. Butler et al. / Atmospheric Environment 146 (2016) 132e140138modeled trends for each season and year are presented in Fig. 10 for
the MW region. As in Fig. 8, there is a logarithmic increase in
concentration (upward bend in the concentration line) over time,
when the linear regression of natural log values are converted to
the original units, in this case meq/l NH4þ/l. Again, the trends or
slopes are not signiﬁcantly different (p > 0.05) for each season and
all regions. This is the same pattern that was found for NH3 seasonal
trends. For all regions and years, the seasonal concentrations for
precipitation NH4þare signiﬁcantly different from each other, except
for spring and summer.Fig. 9. Regressions of the natural log of observed annual precipitation NH4þ concen-
trations for: a) individual NADP sites in Fig. 4 and b) for the aggregated 5 study regions.
Points on the graph represent data values for all sites. See Fig. 4 for region and site
locations. MT ¼ mountain (west), MW ¼ midwest, NE ¼ northeast, OT ¼ Oklahoma e
Texas, SE ¼ southeast.3.3. Relation of NH3 to other species
The 8 year record, beginning in 2008, for NH3 concentrations,
and the 7 year record for wet NH4þ, do not represent a truly “long-
term” analysis, but the results of increasing concentrations of both
NH3 and NH4þ over a wide area of the U.S. during this period does
suggest that there has been an underestimation in the deposition of
total N when excluding deposition estimates of NH3 (Butler et al.,
2015). The NH3 emissions data show no trend during this period
(Fig. 1). Assuming emissions data are correct and there has been
little change in NH3 emissions, a similar lack of change from year to
year in NH3 and precipitation NH4þ concentrations might be
expected.
There is another alternative explanation for increasing NH3 and
precipitation NH4þ concentrations, during a period of constant NH3
emissions. At the same time that NH3 emissions have remained
relatively constant, other atmospheric species which may impact
NH3 concentrations have shown large changes. We show in Fig. 1
large declines in SO2 and NOx emissions during the same period
as the present analysis. Using the same RCM approach, particulate
SO42, total NO3 (particulate NO3 plus HNO3) and particulate NH4þ
concentration data from 18 collocated, or nearby CASTNET sites
(Fig. 4) show signiﬁcant (p < 0.0001) declines in all regions. Annual
observed mean concentrations for each of these species are pre-
sented in Fig. 11. Using the RCM approach, these sites show par-
ticulate SO42, total NO3 and particulate NH4þ are declining at 7%(95% C.I. -6% to 8%), -3.6% (95% C.I. 2.7% to 4.4%) and 6% (95%
C.I. 4% to 7%) per year, respectively, from 2008 to 2014.
Local dry deposition of NH3 provides a removal mechanism for
NH3 in the atmosphere (Walker et al., 2004, 2008, Li et al., 2014).
Alternatively, NH3 can react with acidic SO42 and NO3 to form
particulate ammonium sulfate (NH4)2SO4), ammonium nitrate
(NH4NO3) and other compounds (Seinfeld and Pandis, 2006). With
the decline of SO2 and NOx emissions, less acidic SO42 and NO3 are
available to react with NH3 gas and convert to a particulate form.
The reduction of these reactions may explain the increase in NH3
atmospheric concentrations that is observed, according to the
AMoN data record, even if NH3 emissions are relatively constant, as
reported. Particulate ammonium compounds are also subject to
long range transport. With less formation of these species there
Table 3
Seasonal modeled precipitation NH4þ concentrations (as meq/l NH4þ/l) with upper and lower 95% conﬁdence intervals for the Midwest (MW) region (6 sites) for 2008 and 2014.
Midwest wet NH4þ 2008 2014
Concentration meq/l NH4þ/l Lower 95% C.I. Upper 95% C.I. Concentration meq/l NH4þ/l Lower 95% C.I. Upper 95% C.I.
Winter 10.89 7.44 15.93 14.47 10.30 20.34
Spring 21.05 14.39 30.81 27.99 19.92 39.34
Summer 17.66 12.07 25.84 23.48 16.71 33.00
Fall 13.81 9.44 20.22 18.37 13.07 25.81
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Fig. 10. Seasonal RCM regressions for NH4þ concentrations as represented by the MW
(midwest) region. All other regions have the same trends, but different intercepts.
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Fig. 11. Observed geometric mean annual concentrations (in mg/m3) for all sites for
particulate SO42, tot NO3 (particulate NO3 plus HNO3), and particulate NH4þ. Error bars
are the 95% conﬁdence intervals. Means and conﬁdence intervals were calculated, by
log-transforming the observed concentration data (because original data are skewed
and arithmetic means would over estimate average concentrations). Means and con-
ﬁdence intervals of the natural log values, are back-transformed to the standard units
of mg/m3 for each species.
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from NH3, as opposed to more long-range particulate NH4þ species
transport and deposition.4. Conclusions
1) There were positive trends in NH3 (þ7%/yr, 95% C.I. þ5% to þ9%)
over the period 2008 to 2015 from 18 “long-term” sites located
in several different regions of the USA. Travel blank corrected
NH3 concentrations also show similar positive trends. Precipi-
tation NH4þ at collocated, or nearby sites, show an increasing
trend (þ5%/yr, 95% C.I. þ3% to þ7%).
2) Increasing trends for both NH3 and precipitation NH4þ were
observed in all seasons.3) NH3 emission inventories show no trend from 2008 to 2015.
However there are greater uncertainties in the NH3 emission
inventories compared to more regulated pollutants such as SO2
and NOx.
4) There have been statistically signiﬁcant declines in particulate
SO42, total NO3, and particulate NH4þ concentrations at 18
collocated or nearby sites, and declines in SO2 and NOx emis-
sions. Assuming the NH3 emissions are correct, it is likely that
net reductions of acid SO42 and NO3 in the atmosphere has
limited the reaction and removal of atmospheric NH3. This will
affect residence time in the atmosphere of nitrogen derived
from NH3 emissions. Future research should test this concept,
using chemical transport models, such as CMAQ (EPA, 2016). In
addition, further veriﬁcation of the NH3 emission inventories
should be pursued.References
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